INTRODUCTION
Carbon dioxide dynamics and transfer from soil to the deepest parts of an aquifer underlie the main karstification processes. Cavity ventilation plays an important role in speleothem formation and chemical equilibrium of water in the unsaturated zone of the aquifer.
Meteorological parameters (barometric pressure and temperature), cave geometry and fracture networks control exchanges between subterranean and outside atmosphere (De Freitas et al., 1982; De Freitas & Littlejohn, 1987; Smithson, 1991; Christoforou, 1996; Buecher, 1999; Fernandez-Cortes, 2005) .
Gases currently studied in caves are CO 2 and 222 Rn. Their concentrations and variations can be explained by different parameters.
Carbon dioxide concentrations in cavities vary from 0.03 % to more than 6 % and may have different sources :
Batiot-Guilhe C., Seidel J.L., Jourde H., Hébrard O., Bailly-Comte V. 2007. Seasonal variations of CO 2 and 222 -atmosphere which is characterized by low values (0.03 %; Renault, 1968) , -soil, where biological activity produces one hundred times more CO 2 on average than in the atmosphere, and then is transported by water seeping through the soils and network of rock voids (Atkinson, 1977; White, 1988) . In Mediterranean limestone soils, pCO 2 varies from 0.5 to 2% (Batiot, 2002) , -oxidation by bacteria of organic matter in carbonated rocks or cavity deposits, -deep gas diffusion or transport (Wood & Petraitis, 1984; Wood, 1985) .
-in some caves, draughts cause, for instance, by a swift underground stream (Ek & Gewelt, 1985) .
High 222 Rn contents have been reported in caves and are primarily related to the uranium content of the bedrock or to 226 Ra, decay progeny of 238 U, readily transported from the source and precipitated as RaCO 3 on cave walls and deposits present in the cavity. Radon-222 is produced by the 238 U decay series and has a short half-life (3.82 days). Several studies carried out on 220 caves worldwide have shown concentrations ranging from 0.1 to 20 kBq/m 3 (Hakl et al., 1997a, b; Dueñas et al., 1999; Cigna, 2005 Gas dynamics in caves often show seasonal variations as a function of the temperature difference between the cave and outside atmosphere (James, 1977; Jovanovic, 1996; Hakl et al., 1996; Przylibski, 1999; Bourges et al., 2001 Bourges et al., , 2006 Cigna, 2005; FernandezCortes, 2005) . In summer, the outside temperature is higher than the inside temperature and precludes large-scale convections. The cavity atmosphere tends to reach equilibrium with CO 2 concentrations present in the microfractures network. Confined conditions are predominant and CO 2 concentrations increase in the cavity. In winter, the external temperature is lower than within the cavity, outside air enters by large openings and is released through large fractures. Cave ventilation is more efficient and dilution induces low CO 2 and 222 Rn levels. Moreover, barometric pressure variations can play an important role for "vertical caves" whereas the temperature is the main parameter regulating gas levels for "horizontal caves" (Hakl et al., 1996) . Causse d'Aumelas caves are "horizontal" caves which present two types of thermo-convective circulation in function of the thermal regime outside during winter and summer time.
The Languedoc-Roussillon area (SE France) is characterized by a complex geological and tectonic history. The karstic formations essentially consist of Jurassic and Cretaceous deposits. Triassic evaporite formations often underlay these formations. Numerous springs containing CO 2 were identified in the area and are always associated to regional fractures (Grillot et al., 1983; Arthaud et al., 1994) . Some cavities exhibit high CO 2 levels (oral communication from speleologists and punctual measurements). Since September 2004, hydrochemical and hydrodynamic monitoring has been carried out over the Causse d'Aumelas, an experimental site located 20 km near Montpellier (Jourde et al., 2006) . This karst aquifer is crossed by the intermittent Coulazou River. Water sampling and measurements of different parameters (temperature, pH, electrical conductivity, major ions concentration, Total Organic Carbon) have been conducted at several sites of this hydrosystem (springs, boreholes, cavities, river) in order to characterize the karst behaviour and the connections between the Coulazou River and the aquifer, especially during flood events.
Very high CO 2 levels were registered in Les Grands Combes cavity, an estavelle (functioning either as sink-hole or spring), located within the bed of the Coulazou River. To better identify the gases origin, regular measurements of CO 2 and 222 Rn levels as well as punctual analyses of 13 C on gas and water within the cavity were carried out.
STUDY AREA AND METHODS

The Causse d'Aumelas karst aquifer (about 200 km
2 ) is composed of 2000 m thick Jurassic deposits. This unit belongs to the Aumelas-Thau karstic system, which is an unconfined aquifer in its northern part (Causse d'Aumelas) and becomes confined in its southern part, under the Miocene Montbazin-Gigean basin which is composed of clay and sandstones deposits (Fig. 1) . Climate is typically Mediterranean with flood periods occurring in the spring and autumn, and a dry season in summer.
During low flow periods, the intermittent Coulazou River sinks when it traverses the karstic aquifer. More than 15 estavelles, alternately functioning as sinkholes or springs, have been observed in the Coulazou River bed.
During this study, very high CO 2 levels (up to 6 %) were periodically registered (overall during low flow periods) in Les Grandes Combes estavelle (see Fig. 1 and Fig. 2 ). The cavity is more confined and deeper than the Puits de l'Aven estavelle (Fig.1) , located just in the river bed, 1500 m from Les Grandes Combes estavelle. To understand the origin of the high CO 2 levels, observed in Les Grandes Combes, CO 2 and 222 Rn measurements were carried out monthly or bimonth in the two estavelles, except during flood events when their discharge is active. Carbon dioxide measurements were conducted using an Infra-Red landfill gas analyser (Model GA 94A; Geotechnical Instruments), with an accuracy of 0.1%. Radon-222 concentrations were measured using an ALPHAGARD® device (Genitron Instruments GmbH) with 10% accuracy.
By following the temporal variation of CO 2 and 222 Rn in the caves, we have tried to better constrain the CO 2 origin as either superficial (biogenic) or deep (magmatic). (1) during fall and winter, CO 2 and 222 Rn levels exhibit the lower concentrations. CO 2 values are lower than the detection limit (<0.1 %), whereas 222 Rn levels corresponded to natural background activity (< 250 Bq/m 3 ); (2) in spring and summer, CO 2 and 222 Rn levels increase step by step to a maximum value at the end of the dry season, with concentration higher than 6% and 20 000 Bq/m 3 , respectively; (3) at the beginning of the autumn, CO 2 and 222 Rn levels decrease very quickly. Measurements are difficult during this period, because the cavity is often flooded by river infiltration or karst discharge.
RESULTS AND DISCUSSION
The seasonal variations of CO 2 and 222 Rn are linked with seasonal variations of the outside temperature which is in agreement with the literature (James, 1977; Jovanovic, 1996; Hakl et al., 1996; Hakl et al., 1997b; Przylibski, 1999; Bourges et al., 2001 Bourges et al., , 2006 Fernandez-Cortes et al., 2006) . The difference in temperature between the cavity and the outside atmosphere in winter is responsible for the efficient ventilation and thus gas dilution. In summer, outside temperature is higher than cave temperature and the cavity atmosphere tends to reach equilibrium with the gases present in the microfractures network, so that allows concentrations to increase. Maximum values of CO 2 and 222 Rn are very high, compared to the literature data, and representative of this cavity only. The geometry of the estavelle is very peculiar when compared to the Puits de l'Aven, located 1500 m downstream. In this second one, gas levels only reflect 
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atmospheric variations because the entrance is welldeveloped when compared to Les Grandes Combes whose entrance is very narrow (0.5 × 0.5 m).
Different origins were considered for these two gases. The study area is located in a zone characterized by a complex geological structure and tectonic evolution. Deep CO 2 possibly associated with thermal waters frequently occurs in the LanguedocRoussillon area (Grillot et al., 1983; Arthaud et al., 1994) . The karst system of Causse d'Aumelas is located near the graben of Montbazin-Gigean and close to the hydrothermal system of Balaruc where deep fluids circulations have been identified (Bonnet & Paloc, 1969) . Regional fracturing plays a major role in the transfer and dynamics of thermal fluids and magmatic CO 2 .
Carbon dioxide and 222 Rn variations are very well correlated, suggesting a common mechanism of transfer. Moreover, 222 Rn is produced by the decay series of 238 U contained in bedrock or by 226 Ra, decay progeny of 238 U, readily transported from the source and precipitated as RaCO 3 on cave walls and deposits. But it can also originate from the deeper parts of the aquifer and may be related to a magmatic contribution. Radon-222 is always transported by other fluids (gas or water), but its short half-life (3.82 days) precludes a very deep origin because it must be transported so quickly to the surface which induces very high fluxes of magmatic CO 2 .
To determine the origin of CO 2 , we use 13 C isotope whose values are characteristic of the different sources of carbon within a system. We sampled water in the two estavelles and analysed 13 C on the Total Dissolved Inorganic Carbon (TDIC) fraction, as well as samples of gas (CO 2 ) in the estavelle of Les Grandes Combes during low flow periods when gas levels were the highest. Results are presented in Table 1 and Figure 4 . The ranges of 13 C values for the different possible sources of carbon are also reported (values are defined versus the international reference material, VPDB, which is a fossil Belemnitella americana from the Cretaceous Pee Dee formation in South Carolina; Craig, 1957) . For Clark and Fritz (1997) , TDIC in water may originate from the dissolution of :
-carbonate rocks (end-member the most enriched: 0 ± 2 ‰ VPDB), -atmospheric CO 2 (−8 ‰ VPDB) -biogenic CO 2 (very negative for plants with a C 3 cycle, from −21 to −31 ‰ VPDB), -magmatic CO 2 (−4 to −8‰ VPDB) All the δ 13 C TDIC values range from −12.60 to −15.11 ± 0.2 δ‰ VPDB and reflect the typical evolution of waters only influenced by two 13 C end-members: biogenic CO 2 and carbonated rocks (Arthaud et al., 1994; Emblanch et al., 2003; Batiot et al., 2003) .
Puits de l'Aven δ 13 C TDIC values are always enriched compared to Les Grandes Combes values. If CO 2 in Les Grandes Combes had a magmatic origin, the 13 C values for water should be more enriched whereas, on the contrary, they are more negative. To discriminate the CO 2 origin in Les Grandes Combes estavelle, two samples of gas were analysed in July 2005 when CO 2 levels were maximum. The mean VPDB value of −24.2 ‰ VPDB (Table 1) is typical of a biogenic CO 2 origin and exclude a deep magmatic contribution.
To confirm the superficial origin of the two gases, in particular for 222 Rn, the 238 U content of limestones and clay deposits in the estavelle must be known. Uranium-238 contents in rock samples have not yet been determined, but generally limestones contain about 1.3-2.5 ppm of 238 U (Hakl et al., 1997a, b) . Moreover, a previous study has been carried out on the Lamalou karst system (near Montpellier) developed in cretaceous sedimentary rocks, with lithology characteristics close to these of the Jurassic deposits forming the Causse d'Aumelas. The data showed that 238 U content is low (Valanginian limestones: 1.36 ppm; Berriasian marls: 1.38 ppm; clay deposits within cavity: 3.53 ppm according to Pane-Escribe (1995) , but could explain the high 222 Rn levels in the estavelles. Carbonate soil and clay deposits in Les Grandes-Combes cave have also been sampled and a 222 Rn activity lower than 300 Bq/kg has been measured. Even if a bedrock contribution cannot be totally excluded, all these data indicate a superficial origin of 222 Rn which is locally produced within the fracture network of the aquifer and transported into the cave atmosphere with biogenic CO 2 during summer time by a simple air flow as gas carrier.
CONCLUSION
Gas monitoring carried out within a Mediterranean estavelle (SE France) suggests seasonal variations of CO 2 and 222 Rn levels, the highest gas contents being registered during summer time, greater than 6% and 20 000 Bq/m 3 respectively. Different origins have been considered for these geogases (biogenic, bedrock or magmatic). The determination of 13 C in water and gas samples from the cavity confirms the superficial source of CO 2 . Because of the short half-life of 222 Rn and its relatively high activity (< 300 Bq/kg) in the carbonate soil and clay deposits, a deep origin can be excluded for this gas. Radon-222 is only produced in the microfracture network and transported by biogenic CO 2 from the deeper parts of the aquifer towards the surface. The seasonal increase of gas levels during spring, with a maximum at the end of summer is commonly described in the literature and can be explained by the poor ventilation of the cavity during this period. During summer time, outside temperature is higher than air cave temperature and the atmosphere of the cavity tends to reach equilibrium with the gases released by the microfractures network. Further investigations will be carried out in order to determine how gas level variations can be related to barometric pressure variations and piezometric levels fluctuations within the aquifer. 
